Plant, environmental conditions and management type will determine final crop yield. Enhanced yield can be reached by using well-adapted and potentially productive genotypes; all of them ally to crop cultural practices and management. Among these, seed density stands out, once it interferes with plant morphology and competition for water and nutrients. Thus, this study aimed to evaluate the effect of varied seed densities on agronomic traits in soybean, besides identifying cultivars with wide adaptability to different environments and seed densities. Six soybean cultivars were assessed under four seed densities (100, 200, 300 and 400 thousand plants•ha −1 ), in nine different environments from Minas Gerais State, Brazil. The experimental design was a completely randomized block design with three replications. The BRSMG 760SRR and BRSMG 820RR cultivars had the best average performance independent of the environments and seed densities. The seed density of 300 thousand plants per hectare showed to be as the most adequate for soybean cultivation on the evaluated environments. Furthermore, seed density interacted with the agronomic traits in soybean.
, when assessing different soybean cultivars in three plant populations (250, 400 and 550 thousand plants•ha −1 ). Based on the above considerations, this study aimed to evaluate the effect of different seed densities on agronomic traits in soybean, in addition to identify cultivars with wide adaptability to the evaluated environments and seed densities.
Material and Methods
The experiments were performed in four distinct locations within Minas Gerais State, in Brazil, during the 2011-2012 season:
i) Experimental farm of the EPAMIG in Patos de Minas-MG, Brazil. It is located at 1074-m altitude and geographical coordinates 18˚29'70''S and 46˚26'55''W.
ii) Experimental farm of the EPAMIG in Uberaba-MG, Brazil. It is located at 819-m altitude and geographical coordinates 19˚39'14''S and 47˚58'11''W.
iii) Experimental area of the Federal Institute of Education, Science and Technology-Southern Minas Gerais, in Muzambinho. It is located at 1048-m altitude, 21˚22'33"S latitude and 46˚31'32"W longitude.
iv) Private farm in the city of Iraí de Minas, which is located at 1029-m altitude, 18˚59'23''S latitude and 47˚28'33''W longitude.
Additionally, during the 2012-2013 season, besides Patos de Minas, Uberaba and Iraí de Minas, we assessed the following locations: v) Private farm in the city of Sacramento, which is located at 19˚40'39"S, 47˚35'32"W and 1027-m altitude. vi) Experimental area of the Center of Scientific and Technological Development in Farming-Muquém, which belongs to the Federal University of Lavras (UFLA), in Lavras-MG, Brazil. The geographical coordinates are 21˚12'11''S latitude and 44˚58'47''W longitude, and an altitude of 954 m.
Soil was prepared following no-tillage system, with furrows spaced at 0.50 m. Fertilization was performed in accordance with protocol developed by the Commission of Soil Fertility of the Minas Gerais State [7] . Before sowing, seeds were inoculated with Bradyrhizobium japonicum liquid inoculant at a ratio of 1,200,000 bacteria per seed. Six cultivars were used, three conventional and three transgenic ( Table 1) .
Experimental plots were composed of four 5.0 m rows spaced at 0.50 m. The two central rows performed the useful area disregarded the last 0.5 m at both ends. The experimental design was a completely randomized block We evaluated the following traits: first pod insertion height-IH (distance between plant neck up to the first insertion node, in centimeters, taken randomly from 5 plants); plant total height-TH (from plant neck to the end of the main stem, in centimeters, taken randomly from 5 plants); lodging level, according to [8] with the following score: all plants are erect #1, half stand is bent or slightly lodged #2, all plants mildly bent or 25% -50% lodged #3, for all plants strictly bent 50% -80% lodged #4 and for more than 80% lodged plants #5; 100 grain mass in grams-GM; aside from yield-Y in kg•ha −1 after correction of seed weights to 13% moisture. Individual analyses for all traits per season and environment were performed using the statistical model as in Equation (1):
In which: Y ijk : observed value in the plot, which had i density in k block and with j cultivar; μ: constant inherent of all observation; α i : i density effect; b k : k block effect; β j : j cultivar effect; αβ ij : cultivar × density interaction effect; e ijk : experimental error. Joint analysis of all environments followed the statistical model presented in Equation (2):
In which: Y ijkl : observed value in the plot, which had idensity in j block with k cultivar in environment l. [9] , using Scott-Knott test [10] at 5% probability for means' comparison and regression analysis for quantitative traits [11] . Precision was measured by estimating variation coefficients and accuracy.
Variation coefficient was calculated through the following model (Equation (3)):
In which: RMS: residual mean square; µ: general average. Yet accuracy was calculated using the model presented below (Equation (4)):
In which: r: accuracy expressed in percentage; F c : F calculated value.
Results
The joint variance analysis ( Table 2) shows a difference in density factor for yield, plant total height and first pod insertion. However, in cultivar and environment variation sources, there was significant difference for all traits.
The interaction C × D had no significance for yield, 100-grain mass and plant total height. On the other hand, the interaction C × A was significant for all traits. Moreover, D × A interaction had no significant results for 100-grain mass. Accuracy ranged from 97.30 to 99.67. Yet for variation coefficient (VC), estimates between 34.75% and 5.80% were observed ( Table 2) .
Mean yield values presented a wide variation for cultivars with the lowest value obtained by BRSMG 752S cultivar (2882 kg•ha −1 ). However, the highest estimate for BRSMG 760SRR one (3507 kg•ha −1 ) as seen in ( Table 3 ). The GM trait varied on an average of 14.9 g for BRSMG 780RR and, 17.8 g for BRSMG 771 ( Table 3) .
Regarding plant total height, all studied cultivars reached height suitable for mechanized harvesting, which ranged from 77.2 cm (BRSMG 810C) to 93.2 cm (BRSMG 780RR) ( Table 3) . Among the cultivars, IH fluctuated from 14.4 cm (BRSMG 752S) to 18.7 cm (BRSMG 780RR) ( Table 3) . Lastly, lodging levels differed between 1.3 (BRSMG 752S) and 2.0 (BRSMG 810C) ( Table 3) .
Grain yield was markedly different among the assessed environments. From which, Sacramento (12/13) highlighted with an average yield of 3617 kg•ha −1 . Contrarily, Patos de Minas (12/13) had the smallest yield of 2645 kg•ha −1 ( Table 4) . Concerning GM, we observed a mean variation from 14.0 to 19.1 g between Iraí de Minas (11/12) and Muzambinho (11/12), respectively ( Table 4) . Means followed by the same letter belong to the same group according to Scott-Knott test at 95% confidence level. Means followed by the same letter belong to the same group according to Scott-Knott test at 95% confidence level.
There were differences on plant TH. The highest plants were found in Sacramento (12/13) and Iraí de Minas (12/13), where they were estimated to have on average 96.8 and 95.4 cm, respectively. With regard to IH, a variation from 12.1 to 21.5 cm was observed for plants from Patos de Minas between 12/13 and 11/12 respectively ( Table 4 ). Yet for LL, levels of 1.1 in Patos de Minas (12/13) and Uberaba (11/12) up to 2.4 in Sacramento (12/13) and Muzambinho (11/12) ( Table 4) .
A quadratic effect was observed for the interaction C × D on grain yield, with increase in yield for population densities up to 337 thousand plants•ha −1 , then it starts to decline (Figure 1(a) ). The same might be noted for pod IH, as this trait raised up to a population of 340 thousand plants•ha −1 (Figure 1(b) ). For plant TH, there is a quadratic effect in compliance with plant density increase (Figure 1(c)) . A model goodness of fit was checked for the three cases, and estimates with R 2 above 99%. Studying the interaction between cultivars and seed densities, it is noteworthy to mention that regarding plant lodging, cultivar behavior is assorted by plant densities. BSRMG 780RR and BRSMG 820RR presented a constant lodging regardless of plant density. Conversely, BRSMG 810C had a LL growing behavior (Figure 2(a) ).
For first pod insertion height, cultivars showed a quadratic growth up to 300 thousand plants•ha −1 , from which estimates started to reduce (Figure 2(b) ).
As observed for the C × D interaction, lodging behavior did not coincide among the cultivars when studying the interaction environment and plant population (Figure 3(a) ).
In the same light of C × D interaction, TH and IH had same behavior. Environments presented a quadratic growth up to reach 300 thousand plants•ha −1 , from which values reduced (Figure 3(b) and Figure 3(c) ). As seen in Figure 1(a) , yield had also a quadratic behavior in all environments when assessing the interaction E × D. Moreover, there is an increase in yield until the population of 300 thousand plants•ha −1 with further decline (Figure 3(d) ).
For the E × C interaction, it was possible to identify which cultivar has presented the best performance at each environment. This way, it was observed that BRSMG 820RR achieved the best results in Iraí de Minas, during both seasons ( Table 5 ). In addition to this cultivar, BRSMG 760SRR, BRSMG 810C and BRSMG771 have also shown superior efficiency in Lavras (12/13) ( Table 5 ). In Uberaba, BRSMG 820RR and BRSMG 760SRR achieved the greatest yields; while in 12/13, BRSMG 760SRR and BRSMG 752S did ( Table 5) . 3997aA  3574aC  3507aC  3741aB  3284bD  3121aD  3532dC  353 aC  2668cE   BRSMG 760SRR 3594bC  2426cE  3471aD  3868aB  4396aA  3290aD  3459dD  3613aC 3440aD   BRSMG 780RR  3392bA  3011bB  2912bB  2728dB  3513bA  2751bB  2799eB  2886cB 3065bB   BRSMG 810C  2878cC  3017bC  3589aA  3260cB  1620cD  2755bC  3777cA  3322bB 2999bC   BRSMG 771  2587dD  2608cD  3775aA  3470bB  1337dE  2936bC  3886bA  3215bC 3150bC   BRSMG 752S  2365dE  2514cE  3051bD  3981aB  1718cF  2260cE  4249aA  2408dE 3383aC Means followed by the same letter belong to the same group according to Scott-Knott test at 95% confidence level.
BRSMG 760S RR had superior results in Patos de Minas (11/12) , when compared to the others. Meanwhile, in Sacramento (12/13), BRSMG 752S got the best results ( Table 4) . Concerning seasons, BRSMG 760SRR and BRSMG 820RR can be detached for their outcomes during 12/13 ( Table 5 ). In Uberaba, BRSMG 820RR and BRSMG 760SRR achieved the greatest yields; while in 12/13, BRSMG 760SRR and BRSMG 752S did ( Table  5 ).
Discussion
Good experimental accuracy is crucial for a successful field trial. We used two tools to measure this attribute. Variation coefficient can be classified according to [12] , into low, when inferior to 10%; medium, from 10 to 20%; high, if it is between 20% and 30%; and very high, for values superior to 30%.
In this study, lodging was the trait that has obtained the major estimate. One possible explanation for such low precision is because of mean magnitude is inversely related in the estimation of the variation coefficient, i.e. for lower means, higher coefficients are expected. On the other side, when evaluating experimental precision by estimating accuracy, such effect is suppressed, becoming apparent that all traits have obtained a high estimate on this parameter, which leads to data interference.
Seed density influenced not only 100-grain weight but also lodging. This fact was unexpected as there is a direct relationship between plant population and lodging, i.e., increased densities are supposed to enhance lodging [13] . This result can be explained by the low variation of the lodging trait at the different assessed environments. However, regarding 100-grain mass, there is no report in the literature associating it with seed density, so corroborating with the current results.
As already mentioned, the various cultivars had influence on all characters. Although cultivars belong to the same breeding program, there are differences in their genetic background, cycle and other attributes; thus, evidencing the variability in this study. Other studies also report the same [14] - [16] . Such fact was also essential to ensure the significance of C × E and C × D interactions.
About environments, it must be mentioned that the study was carried at six different cities and two growing seasons. Therefore, there are fluctuations inherent to local variations as differences between the growing seasons. Local environmental factors likely represent a foreseeable variance such as soil fertility. However, the occurrence of rains, and even the incidence of high temperatures associated with seasonal fluctuations represent unpredictable variations, i.e. which occur fortuitously and cannot be controlled.
These environmental effects were essential for the significance of C × E interaction. Thus, these results reinforce the need to evaluate experiments at different conditions, i.e. considering distinct areas and seasons [17] . Mean yield from each environment proves these comments. There was a variation of 26.87% between the highest and the lowest estimate of yield for the most contrasting environments.
The interaction C × E indicated a lack of coincidences in performance among cultivars at the environments. Based on this interaction, it is possible to identify the most suitable cultivar for each environment, or even check which genotype gives an improved response. Cultivars BRSMG 760SRR and BRSMG 820RR showed large plasticity, since they had the best performance irrespectively of environment. Additionally, it must be reported that despite great yield, BRSMG 760SRR present a good earliness whether compared to the others; thereby being capable of a second harvest.
Among productivity components, GM has to be highlighted because the more the weight gain, the greater the crop yield. According to the literature, 100 grains weigh about 16 g. Similar values were reported by [18] . We found an average value of 16.14 g, corroborating with literature.
Plant height is directly related to crop yield, lodging level and efficiency of mechanized harvesting; thus, being an important trait. Furthermore, it is important to highlight that this parameter undergoes through environmental changes. The plant height between 60 and 120 cm are considered ideal [19] . Therefore, our findings reach the ideal range, once the average height found in the current experiments were 85.29 cm, which is within the previously mentioned.
As well as plant height, first pod insertion height influences mechanical harvesting. If IH is below 10 cm, losses may occur during operation, since harvester operates near the ground. As stated by [20] , the ideal IH is about 15 cm. Here, we observed an average height of 17.09 cm.
Since it is most affected by TH, lodging level plays an important role in cultivar selection, once lodged plants impair mechanized harvesting. Our assessments had an average score of 1.60 for LL. This value is considered fully operational to mechanized harvesting and does not result in any loss [8] .
Regression results, for all traits except lodging, denote a quadratic growth up to densities of 300 thousand plants•ha −1 , with subsequent reduction. Thus, it is clear that the best plant population to be used in all environments and for all cultivars is 300 thousand plants•ha −1 . At lower densities, branching is more intense; however, small stands were not worth yields. On the other hand, a population of 400 thousand plants•ha −1 , for the large number of plants per area, led to an increased competition, damaging plant architecture. This way, it can be inferred the 300 thousand plants•ha −1 as the most adequate, promoting well-structured plants and a great vegetative growth, besides enhanced yields.
Conclusion
We concluded that there is an interaction between seed densities with soybean cultivars and agronomic traits. The population of 300 thousand plants per hectare, which shows up as the most suitable for soybean cultivation at all evaluated environments, can be highlighted. Yet for the cultivars, BRSMG 760SRR and BRSMG 820RR have improved performance, independent of the environment and seed density.
